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I ABSTRACT

The change in crystal structure at the transition temperature in

cv- f tv va,,d;;um oxioes, causes a drastic change in resistivity

as the material is heated (or cooled). This phenomenon is being applied

to the manufacture of a number of devices.

IAll available information on the crystal structure, physical,

mechanical, thermal, optical, magnetic and electronic properties of

bulk and film samples, has been tabulated in this compilation. Graphs

"" illustrating these features are Included.
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INTRODUCTION

Several vanadium oxides, VO0.8-1.3, V203 and an entire ser~es of

nmn-ttpch orrtrlc vanadium oxides, show a crystallographic transformation I
from a low to high temperature phase. According to Hyland,* there is no

extensive rearrangement of the atoms, only slight distortions of the

original atomic grouping which Is rapidly reversible at the transition

temperature. Flllingham In an optical study of the domain structure in

V02 , indicates that displacement of the atom positions Is small and comprises

only slight distortions of the VO6 -octahedra chalns as vaeaaium atom doublets

form, alternately nearer to and farther from one inother In the low temp-

erature (monoclinic) phase. As the crystal moves through the transition

temperature, domain patterns show only in the monoclinic phase, there

are no domains evident In the tetragonal phase.

These alternating long and short separations of the cations along

the a-axis (2.65A and 3.12A) shift above the tranisition temperature and

the cations form a body-centered tetragonal array; V-V - 2.87A along the

c-axis. As a result, amonoclinic - 2 Ctetragonal and Z-2 becomes Z-4.

This shift In crystal ;tricture must evidently exercise a strong

effect on the electronic properties of the several vanadium oxides and,

consequently., on the band structure. The most marked an,! useful change

is a rise In conductivity as the vanadium dioxide Is heated through its

transition temperature of 68'C where the material passes from a semicon-

ducting to a metallic state. The conductivity Is 5 orders of magnitude

In VO2 and 9 orders of magnitude In V2 03 . The shift Is also anisotropic

and, depending on the sample quality, may also exhibit hysteresis.

Single crystals in the series V O2 n with x equal to an Integer,

have been studied by Okinaka et al., Kosuge and Nagasawa. Transition

temperatures In this serifs vary from 68'C to -140'C. The composition

V509 has a resistivity jump on cooling through 125°K of %107 $2cm and

together with V 6 0] shows an increase In thermal emf at the transition

temperature from -10 to -BOO iV/OK.

* All references are listed alphabetically by name, In the bibliography at
the end of this report.



This change in the several properties of the vanadium oxides is

being applicd to the ranufactLre of a variety of switching and modulation

devices, since the time constant is about 20 nanoseconds. (Schmidt, Cope

& Penn, Walden, Kennedy & Collins .an Van

Other electronic and physical properties also show a discontinuity

at the transition temperature; magnetic susceptibility, thermoelectric ,.

power, specific heat, thermal expansion, reflectivity and transmission

spectra. Graphs illustrating these features are included.

Band structures have been formulated, based in general on the theor-

etical considerations of Goodenough, by many experimentalists. Theie

include Hyland, Verleur et al., Bongers, Po,.ell et al., Berglund &

Guggenheim, Austin & Turner, Mokerov & Rakov and Adler. Austin & Mott,

in a recent discussion of the transition metal oxides, ascribe their

properties to Coulomb interactions between the d-electrons and a strong

electron-lattice coupling. With others in this field, they also agree

that disorder and defects have a marked influence in leading to localized

electron states. There is, apparertly, a general agreement that the

transition phenomena are primarily lattice dominated, but a band structure

which will satisfy both electrical and optical considerations has not yet "

been formulated.

In general, electrical and magnetic data yield a one-electron band

model with relatively large electron-phonon interactions. In a band "

structure derived from optical data, Verleur et al. propose a model for

VO2 above the transition temperature, in which filled valence bands

(associated with the oxygen) are separated from partially 'illed conduc-

tion bands (arising from the vanadium), with the lowest vanadium bands

slightly overlapping one or more of the partially filled bands. On this

basis, tVe VO2 at temperacures above the transition, would be a semi-metal,

rather than a metal. In the madel derived froii optical data, VO at
2

temperatures below the transition would have electrons trapped in localized

levels or occupying two completely filled bands. In any event, much more

experimental data on crystals of high purity and stoichiometric quality

are needed to choose a realistic band structure model.

11

2 m3



= I
I Repeated cycling of crystals of V02 causes cracking and to obviate

this difficulty, Hensler, Fuls, Rozgony and their associates have prepared

sputtered, polycrystalline films, 500 to 4000 A thick, annealed at 400*C.

These randomly oriented th~n films, when carried through the heatinn and

cooling cycle, show new random configurations with the same properties

as previously and may, therefore be considered stable.

Vanadium monoxide is stable over a composition range of V00 8 to

VOi 3 . Density measurements indicate that stoichiometric samples are

highly defective and analysis of Infrared spectra by Ariya 6 Golomolzina

led them to the conclusion that the monoxide comprises regions of vanadium

alternating with regions of V2 03 .

The data tables which follow, cover all vanadium oxides known to

1 date, Including those which do not show any phase transition. Pertinent
curves for the several properties covered in the tables are inserted,

following each stoichioiietric compound. A few graphs have been included

for chromium, aluminum or titanium doped vanadium oxides for their value

in device applications, but these materials will be more fully covered in

a later report.
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PHASE DIAGRAM
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CRYSTAL STRUCTURE
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THE VANADIUM-OXYGEN SYSTEM

PHYS ICAL
PROPERTY SYMBOL VALUE UNIT NOTES TEMP.( 0 K) REFERENCES

Formula Vo 0

Stabi ilty range VOc. 8 -VO1 .3 (Possible: VO0= V+V2 0 3 ) Strinner, -

Molecular Wgt. 66.95 Adler

Density 5.92 g/cf,13  6.49 (calc.) Donnay

Color light grey Handbook

Symmetry cubic Donnay

Space Group Fm3m Z-4 Donnay

0

Latt ice a 4.099 A Massard
Parameters oet a

1.093 Donnay
V-V 2.93 bonqers

VO ao(A) Density Vacancies
('i/cc) (W)

o.86 4.03)1 5.736 37.0 smntered at 1300'C Banus
0.96 41.058 5.674, 31.7 et al.
0.99 4.068 5.602 30.8
1.02 4.077 5.583 28.9
1.23 4.133 5.329 21.2

1.30 4.14 5.85 22 single crystal, zero
oxygen vacancies

Melting Point 1720 0C in vacuo Stringer

Specific Heat 0.0111 cal/g *K 50 TPRC,
O.158 300 p. 528
0.225 1700

6 i
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THE VANADIUM-OXYGEN SYSTEM

I ELECTRI CAL 
TM °) RFRNE

PROPERTY SYMBOL VALUE UNIT NOTES TEMP.(OK) REFERENCES

SIU Resistivity VO.B3_.6 VOl .02 VOL .2
O- 6x10. -cm sintered 4 Honig et 3.

8X10 4  6 x 101 Qc inee

I 8x0-4 5Xi0- 3  9XI0" sintered, shows 77 Banus et al.
noT

8xi0. 4  2xlO. 3  i0-2 c 300

VO.919 gi1.147 V1.25

, 2xi0-3  3x-2 -- -cm sintered to .0 0A

1. -1 90% density, et al.I

1-3 2x10-2  2lO shows no Tc

1: 3  300,.BxIO" 4 5X10- 3 6xIO-3

O3-cm 1-5ii, epitaxial 77-300 Takei £

2X10 film on lHgO, no T Koide(A]

k-.xi03  0.3ij film, VO0.2 300 lHensler
3.4x ' et al.

So.8310 0.- film, VO. 2
iL .' oC 1 Hensler

Temp. Coeff. -3xlO-5 C 0.31 film, VOH.2 et al.

- 3 O.Oti film, VO. 2

Resistivity 10' .q-cm V0.9 94 Austin

106 VO, single crystal 83 florin

"I I i0-2 300

Transition Temp. T 1""4 OK coolina 
Morin

C 126 heat i ng

Pressure dT /dP -3 10 0K/bar P- 25 kbars ¶1b, 113 Austin

__ Coeff. C 
Warren

Transition Temp. 88-125 0K NMR incas., range e l
due to variations et al.

in stoichiometry

7-Ki
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THE VANADIUM-OXYGEN SYSTEM 11

ELECTRICAL
PPROPERTV qYMBOL VALUE UNIT NOTES TEMP.(OK) REFERENCES

Energy Gap 6 meV high V content Banus
• " ~et al.,

0157 eV low V content Kawano
et al.(A]

Seebeck Coeff. VO 8  v0.99 vol. 05 vol. 23

"-12 -4 +5 +22 ,iV/ K sintered 300 Banus
et al,.

.85 VO .05 V01.26 "

-5 +3 +8 +26 sintered to 300 Kawano

0 +3 +17 90% density et al.[P,]

ManOtic- X 6 10 co's sintered, VO 30 0assrd &
q et al.-Suscept ibil1i ty

8 sintered go llogldanova & •

5 300 Log inov •

V .92 V 1.7 1.2

25 80 115 l6cglS sintered 2-7 etKal[ano
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THE VANADIUM-OXYGEN SYSTEM

PHYSICAL YHL ALU IHiT WnTTFS TFMP.(OK) REFERENCES

i. Formula VO2

Molecular Wgt. 82.94

-I Density 4.69 g/cm3  Donnay

Color blue Handbook

Symmetry monoclinic 0onnav

Space Group P21 /a Z-4 Donnay

I Lattice a° 5.744 A Rao et al.

Parameters b 4.520I c° 5.376 •

a 12.2.6

V-V 2.65, 3.12 A Everhart&S~Mc~hesney

Transition 68 oC to rutile structure Chamberland

Temperature

Symetry tetragonal (rutile) Donnay

Lattice a 4.559 A 357 Rao et al.

Parameters c 2.801

'I V-O 1 .95 Bongers,

0-0 2.50, 2.87 Westman

Temperature (1/a)(da/dT) 0.5 10 /K 340550 Bongers

Coeff. (I/c)(dc/dT) 3.6

Melting Point 1818 *K Cook,
TPRC, p. 5.-2

1 Specific Heat 0.157 cal/g "K 300 TPRC,
Berglund &
Guggenheim

0.25 1700-1900 TPRC

II
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4 THE VANt'DIUM-OXYGEN SYSTEM

PHYSICAL
PROPERTY SYMBOL VALUE UNIT NOTFS TEMP.(IK) REFERENCES

Debye Temperature 750 *K 300 Berglund & -r I
Uuggenheim, 2Derbenw ick -- •

Thernial Conductivity 65 mW/cm *K 300-360 Berglund s

Guggtnheim
Thermal Expansion 24 10 '/K monoclinic single 68*C Guntersdorfur
Coefficient crystal I -

11-a j-il

26 4.9 10 /OK teLragonal, single 137"C Hazony 6
crystal Perkins,

Bongers
Young's Modulus 2 10 dynes/cm monoclinic 300 Guntersdorfer

ELECTRICAL
PROPRT IES

Die!ectrlc Constant E J a E 1 a
Optic 10.0 9.7 reflectivity meaj. 300 Barker

at 1-90w on single et alStatic L 40.6 25.9 monoclinic crystal

Optic
Monoclinic 5.6 5.54 at 0.3- 6 u 300 Verleur
Monoclinic 4.26 1000 A film 300 et al.

at 0.25 to 4wj
Tetragonal 3.95 a002 A film 355

at 0.25 to 6 o

Optic 0.6 1.2p
Monocliinc 8.5 9.5 single crystals & 300 l)erbenwick

sputtered films
Tetragonal 6 -1 350

Optic E Ia E Ia
Tetragonal 3.77 4.17 single cryStdl 355 Verleur

at 0.25 to 3w et al. A

12 :
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SI THE VANADIUM-OXYGEN SYSTEM

IL 1: I ELECTRICAL
PROPERTY SYMBOL VALUE UNIT NOTES TEMP.(OK) REFERENCES

Dielectric Constant

Pressure Coeff. -6

(I/c)(dc/dP) -2 10 /bar Neuman
et al.

Resistivity 5 ?-cm high purity, 293 Bongers,
10 - single crystal McChesney &

SsyGuggenheim,
Bando et

| ~al., Ladd&
I Paul

5x1O3  single crystal 4 Austin &
Turner

f (Hz)

1O 0 single crystal, 300 Kabashima

10 1oo0 11-100] et al.

25 1010

I1c-axis Ila-axis

S4xO 10 2-cm epitaxial films 300 Koideo e

i on rutile Takel

T uO T ice monoclinic crystals 300 Everhart &S~McChesney

. Temperature Q•-cm TCR Thickness

.Coeff. 42 -0.036/°C 700 A sputtered films 300 HenslerS2.3 -0.106/°C 1000 et a].

S~ Pressure Coeff.

dp/pdP -2 10 cm /kg single crystal, 293 Ladd &
"3.5 P_ 5x10 3 kg/cm2  Paul,

Guntersdorfer,S"" Neumann

I • et al .

13
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THE VANADIUM-OXYGEN SYSTEM

ELECTRICAL

PROPERTIFS, .YYM P1.L VALUE UNiT NOTES TEMP.(OK) REFERENCES

Trans ition 1 68 0C Chamber land
TaP1erature L

PreFsure dT /dP +8.02 lO' 5 °K/kg cm- 2 single crystal Berglund &

Coeff, P- 4xlO4 kg/cml Jayaraman
dp= 10" S2-cm

+5 -90 high purity, single
crystal, P= 8x10 kg/cm2  Paul,

Neumann et.
al.

Transition Time 20 nsec. 1600 A thick film, Roach &
sputtered on glass Balberg,

Cope &
Penr.

Mobility 0.05 cmr,2 /V sec sputtered film, 273 Hensler,
0.01 powder 370 Kitahiro

et al.

a.6 single crystal, 300 Barker
15-20 i SI-cm 353 et ai.

Effective Mass

Electron m 0.5-4 m metallic state, >68*C Barker

n o calc. from opti.cal et al,,

and electric meaS. Berglund &
Guggeoheim

mn I1.6-7 semiconducting 8°

oa state

: m 7.1 single crystal, >68e Hetsler

sputtered fiims Po<680c

Energy Gap O.6-0.7 eV optical meas. a- H680c Verleur
O.3-6w on a film, et al.,

electrical meas. Heywang&
on a single crystal, Guntersdorfer,

phctoemission m~as. Powell et

or, tI Im al.

14I



THE VANADIUM-GXYGEN SYSTEM

ELECTRICAL

I Fressure dE /dP '-lO eV/kg cm semiconducting Berglund &
Coeff. g state Jayararnan

I Deformation 8 eV plezoresistance 300 Guntersdorfer
Potential meas. on single

crystal

Photoemission 5.4 eV 5wJ film 298 Powell
Threshold 4.8 373 et al.

Quantum Yield 7x1O electrons/proton 298 Powel l

I 2xlO 373 et al.

Seebeck Coeff. -21.1 pVi*C c-axis 750 C Berglund &
-23.1 c-axis Guggenheim,

-30 to -400 300 Hensler

-900 single crystal 293 Kitahiro
-750 333 & Watanabe,

Bongers
S-130 700-1300 A, single 300 Hensler

crystal, sputtered
films

Magnetic X 0.88 10 cgs single crystals 100-300 Barker
Susceptibility g et al.,

Hill &
. tia arti n

-- c I-c

0.85 1.0 10 cgs single crystal 293-340 Berglund &
7.9 8.4 340-373 Guggenheim

Reflectivity metal lic X= 0.7-0. 8 pi 70°C Mokerov £
Rakov,
"Barker et

• .. al
_.2 2

Emissivity 2.5 10 W/cm single crystal 300 Boyle &
.6 4.4 340 Verleur

2.0 3,4 1

1 15



-0 ELECTRICAL RESISTIVITY
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V02  PHASE TRANSITION
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of temperature for sintered V02  V02 along two axes.

I Kawakubo & Nakagawa Published Wdth prt.nissio Kirchner
copyr1t* 1) Afmolecen Cerosic Seelety

Ir
Ic)

tFI
*1Cr-AX1$

I I.I I I

-C ZO 40 OTt 0 IO20

TIrMPRATURC (-C)

Magnetic susceptibility as a function
of temperature in single crystal V02
near the transition temperature.
Measurements are parallel and normal GID') (0) '

to the rutile c-axis. l.pcr~ure ('C)

Pbiih~d .ugi *.rmn..e Berglund & Guggenheim Specific heat as a function
Cydi•P• Aorec 1, 8t ofPhysics temperature for sintered Vi.•

17 Kawakubo & Nakagawd
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VH2 -OPTICAL PROPERTIES

IW A

'711 [' "- J
S WA(ev1 r 5 WIev) r 4

1025 613 .315S 904 Sh2 .56 Ell I I _
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21. 3 56 .35 1.25 2.M .31
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I00
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Ref!ect! ity/Transmission data as a function of photon energy for single e

crys;talsvand films of vanadium dioxide. The classical oscillator fit is i
shown at 3000K as well as slightly above the transition temperature, 355'K•

a, bulk single crystals at 300'K
b, bulk single crystals at 355'K 

WioPtdM;IN0 wlt A p flllO4k•Mlan Inetitute of Physicsl

c. 1000 A film on sapphire substrate at 3 00'K \ieole a
d. 1000 A film on sapphire substrat, at 355°K Verleur et al. I;
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V02 - REFLECTIVITY

10.000 1000 "a 000 0oo 400 too00 400 So to R

G x a i0 0 nl0oIui111 0

A go-

4 
1 0  

r1 T 6 I

30 N I Nam

o APqN 1 14• ~ IO r lCII
000

0' -L 'oI i so go 'l to.! t . t I k
-CWLLV[.IONOCN * N*C

Reflectivity as a function of wavelength at three temperatures.
The solid curve is a fit for data below the transition temperature,
at 630C, Data points marked by a triangle were taken on cooling.

1Nwhe withI p,,It,is, Barker et aI

Reflectivity as a funct L •ion of wavelength ,
for single crystals, meaurd a,)l ad

b e l o w t h e t r a n s i t i o n t e m p e r a t u r e . L ..I ~1 E" •'c,. above 7o°C A•':#---"" *",' % , A
2. E.Lam at 20'C 2 a •

4. E ll above 70%Cj

Structure above 2 eV is associated with f
S~electron transitions; below 2 eV the

reflectivity is metallic.

ftblimlhed with p~ lll. Mokerov & Rakov h.V, ev

S19
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V02 -BAND STRUCTURE

20- STRUCTURE PLOT- V02,'~

0 0 &SAMPLE D5<A
(3 0 A SAMP~LE D4 (ctsotod)

I L,

A Z%

0

2-U
Electron energy, E, is measured relative to the upperrncst
occupied level. The location of the structure relative to
Loe uppermost occupied level is the same for V204 and V408

.i;j1 the resolution of the photoemission. Derbenwick

0 C'k7'Energy level and bias relationships for
&WAS W V02 above and below the transition

COodCAm temperature. Ef is the Fermi level and2 P (SATURIIO~I 141I1 WAS E~ marks tevacuum level . The energy
Vol Vonzero point is placed at the Fermi level.

(10 ,C) CIA )
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4000

IO

], ,°-; . ... ..

Electrical ConductivitY as a functioi
of temperature for V0 2 fil]Ms.

Curves show the effects of various
substrates on the transition temnperature.

Pv~eed"t prmS..A Ro zgonyi Hens ler 1'

; .0 04

- 400

0 a

Thermoelectric power as a function ~
of temperature for V02flm
of varied thickness,F depuisitedA
on various sustrates. g

U -40

S A1203  670 a hck1
1500 A W &

T o TiO 2  1500 AO -40

A A12 0 3  !300 0 0

1300 A -20 CI0

S .I.*IIA Hensler 5 Q d"o o o0

c'yevilhtl Aintritcem tIntlte of pts14es 0 3, _ , _ __ _ +...+--..

a to 2

IO00/T ('K)-'
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THE VANADIUM-OXYGEN SYSTEM
PROPERTY SYMBOL VALUE UNIT NOTES TEMP.(IK) REFERENCES I
Formula 

V2 0 4  I[ |•.--.-I, ,65U8

g/cm4  

Cook -I
Symmetry monoc ni c' 

<700C Chamberland,
Mireomura F&
Nagas0kiLattice Parameters a 5.753 A335 
Chamberland

b 4.524 
Minomura £ §c 5.382 
Nagasaki -

2 122.62 F
Symmetry 

tetragonal 
(rutile) >/OC Minomura &

Nagasaki,
King &
SuberLattice Parameters a 4.54

o 28 344 Minomura&C 
Nagasaki

Coefficient of 
5.4 IO /OK (tetragonal)Expansion 

King ±Suber

-41Shift in 
-110 

/OK
Coefficienc. 67°C Minomura&Nagasaki 

I
Melting Point 1547 C 

TPRC, p. 532,

CookSpecific Heat 0.18 cal/g*K 
300 TPRC, P. 5320.25 

1700 £0.25 
1800

I22 1

I



r

~ I'• THE VA' M1-OXYGEN SYSTEM

ELECTRICAL
VKUPERTY SYMBOL VALUE UNIT NOTES TEMP.(°K) REFERENCES

Dlelectrir rnmttAnt

Optical w9 tetragonal, El c-axis 353 Barker
et a].

.. Resistivity 10 iý-cm single crystal, >339 Ladd
10 high quality, <339 Paul

oriented Ic-axis

Transition 66 cLadd
i emperature Paul

.u

Pressure dT c/dP 6 10 °K/bar P= B kbars Ladd £iCoe2ff. Pa

Resistivity 10 -n-cm amorphous film, 300 MacKenzie
rf-sputtered on
substrat~e at. 1350 C

Energy Gap E 0.65 eV transmission mec-. 300 Ladd £
0(oi single crystal Paul

2.3

'I

1i

!1
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V(0I - REFLECTIVITY An a-_L • [~~~1TIIAA•0•L v-Allf

I I40'

SReflectivity/Transmission as a function"to-"o walvcl. ng,1 !n a+ si ngle .-.s e , .0ov.

and below thc tran.sition temperature,

o (300 and 360 0 K). Trarsmission Is also

40 -(IIowociac ,.IS shown for a thin samnple at 3000K

/I Fan £ Paul
r" 1.0 ho I0 4O $0

SI - '., ,..,.- -. ..

St / % S

20- /

Tronsnission T-Tc

10 -. Refloclivily T-TC
... ... (......... leciivity T-Tcr

01 Ulipolorized meoaurernent On
"lelrogonol (110) fo:e

0 1 0 2 10 ,0 4 1.0 -1 .0

30

Reflectivity/Transmission of a A

single crystal, epitaxial film, Roflectlvity '1".Tc,
grown by vapour transport. Data •20- --- flectvity TATc

are taken above (350'K) and "-Transmision T=-Tc

below (300 0K) the transition (/. Tronsml~son -,

temperature.

Fan £Paul i
N 

V2 0 4 film_ _

0

I .0 2.0 3.0 4,0
E.N•ERGY (eV)
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-I
I ~THE VANADIUM-OXYGEN~ SYSTEM

I PROPERTY SYMBOL VALUE UNIT NOTES TEMP.(0K) REFERENCES

FormulIa V~o ý0jVol 8  Kosuge[B]

Molecular Wgt. 398.71

I Symmetry tricl inic Donnay

Lattice a7.004 Donnay
Parameters

-- b 7.825
0

c 5..465

0 97039'

13 109° 2'

y 940 6'

Density 4.72 g/cm3  Donnay

k-3
Electrical 10 W-cm single crystal 130-300 Oklnaka
Resistivity -2et al.2D]

Transition 130 OK single crystal Okinaka
Temperature et al.[D]

Seebeck Coeff. -10 to -20 pV/°K single crystal 130-300 Okinaka
et al. [D)

-200 125

-800 110

Magnetic X 10 10 cgs single crystal 77-140 Nagasawa
- SusceptibilIty g et al . [A]

"45 140 Kosuge [B)

23 265

Niel Temperature 162 OK sintered Kosuge
"et al. [A]

25
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THE VAIIADIUM-OXYGEN SYSTEM

PROPERTY SYMBOL VALUE UNIT NOTES TEMP.( 0 K) REFERENCLS

tornluia VbU13 VU2 .J 6 - 2 ,1 7  KosugejiU

muiecuiar wgt. .5

Melting Point 703 "C Kosuge(B]

Symnwtry monoclinic V1202 Donnay

Lattice a 01.90 DonnayParameterso

b 3.671

c 10.122

I00052'

L4
Exp;)nsion Coeff. -1,62 10 /OK s!ntered 80-173 Kosuge

_• et a!. [B]
+1,14 10 /OK 173-300

EltctricaI 103 w•-cr sintered 300 Kachi et.
Resistivity 5 al,

3xlO 156

2xl0 157
b

2.5xl0 100

Transition 156 'K electrical meas.
TernperaturL 154 magnetic meas.

Pressure dT /dP -1.06 10 °K/bar single crystal Kosuge
Coeff. c et al.iB

Magnetic X 6 10 cgs sintered 77-150 Kosuge
Susceptibility g et al.[A,BI .

5 175

8 280

Noel Temperature 155 OK Kosuge -
et al. [A] I

26
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••I THE VANADIUM-OXYGEN SYSTEM

m PROPERTY SYMBOL VALUE UNIT NOTES TEMP.(°K) REFERENCES

Formula V6O01 VOl.83 Kosuge[B]

I Molecular Wgt. 481.652

EIectrical 10 Q-cm single crystal 177-300 Oklnaka
Resistivity 102 177 et al.[C]

Transition 177 *K Okinaka
Temperature et al.[C]

Seebeck Coeff. -10 uV/°K single crystal 177-300 Oklnaka

I -900 et al.[C]

Magnetic X 20 10 cgs single crystal, 77 Nagasawa
Susceptibility g 36 T - !70 0 K 170 et al.[B],

31 250 Kosuge[B]

Formuia V7 0 1 3  single crystal OkInakaJ et al.[C]
-3

Electrical 10 aý-cm 120-300
Resistivity

Seebeck Coeff. - 120-300

S Magnetic x 44 10 cgs 100 Kosuge[B]
Susceptibility g 22 250

Formula V40 7  single crystal Okinaka
-, ~et al . El

Electrical 10 a-cm 300
-. Resistivity 2xWO 250

2
10 200

S Seebeck Coeff. -10 iiV/OK 250-300
-230 200

Transition 250 cK.1 Temperature

Magnetic X 14 10 cgs 100-175 Kusuge(B]1 Susceptibility g 24 250-280

27



VANADIUM DIOXIDES

4 I:

v, 0O, \
- vsoI3 -'-.3.

.33

0anei 1w,

Magnetic susceptibility as a function of temperature
for a series of vanadium dioxides.

Kosuge, B

vioý

I ' so 0v, , . Magnetic susceptibility as a function

of temperature, employed for the phase -

z identification of a series of non-
20 , v ,0 , s to ic h io m e t r ic V 2 0 4 c o m p o u n d s .

Kosuge, B -

0 
* 1 Mi28r25K1

pvisho~d ;it& plermission
Coplf ,l1.10 PWIGGRON Pr...
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Il VANADIUM DIOXIDESI,

1.0

;d' Electrical conductivity as a
function of temperature for a

Z',O "series of vanadium oxides.

"Kachi et al.

- 7 M 40 50 6D 7", 6 9. ^Di "•' Ih00/Te•-Nohure (°K)

!-:

T (*K)

Electrical resistivity and -SO50
thermoelectric power for V 0

8 15 4
-. as a function of temperature. i

The insert shows the electrical 3b30:goZaIi
0 Iresistivity-temperature curve io T

down to 
1
4'K 204

Okinaka et al., 8 g,...I~ .*

. ap a un ht o n h of Holperaun d P I ein Co. 1-/ I"I1

29
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THE VANADIUM-OXYGEN SYSTEM

PROPERTY SYMBOL VALUE UNIT NOTES TEMP.(OK) REFERENCES

Formula V2 05 .

Moiecuiar 0 1.tt
Weight

Density 3.357 g/cm3  single crystal 298 Kennedy

2.42-2.69 amorphous e al.

Color pale yellow transparent Kenny
et al.

Cleavage (100) acicular habit Donnay

Symmetry orthorhombic Donnay

Space Pnm2 Z-2 Donnay
Group

0

Lattice ac 11.510 A Bachmann
Parameters et a].

bo 4.369
co 3.563

Melting 668 0C single crystal, Kennedy
Point loses oxygen on heating et al.

in vacuo at 600°C

676 Kosuge,(B] -.
Kimizuka
et al.

Specific 0,167 cal/q°K 300 TPRC,
leat 0.227 950 p, 534 -.

Thermal 2 10- 6 /OK I a-axis 25-600°C Kennedy
Expansion et al
Coefficient 55.4 b-axis

8 c-axis

ELECTRICAL
PROPERTIES .,

Dielectric
Constant

Optical C. % 4 Kenny
et al. j

30
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THE VANADIUM-OXYGEN SYSTEM

PROPERTY SYMBOL VALUE UNIT NOTES TrF.h.; R t` C*C

3 Constant

Static CO 6.89 pressed powder 300 Kirlashkina
at 6 rHz et al.

Resistivity a b c (axes)

1 170 4700 670 ohm-cm single crystal 298 Kennedy et al.

5x1O8  1010 2x10 8  single crystal 100 McCulloch
platelets grown

103 2xlO3  5x10 2  at 700C, laminar 300
with mirror
surface

108 1010 3x10 7  high purity, 77 Volzhenskii &
single crystal Pashkovskil,

2xlO4 lOS 200 300 loffe & Patrina,
Patrina & loffe

120 104 50 450

1.6 4 0.4 103 ohm-cm single crystal 293 Allersma et al.

25 ohm-cm liquid In air 670"C
7 liquid in argon

l05 high density, 300
amorphous film

106 low density, 300S~amorphous film

1.1x10 6  0.5-5p thick, 300 Kennedy et al.
amorphous film

3xO 1 ohms P <l00 kbars 300 Minomura &

IO3 P-100-105 kbars Drickamer

4x104  P >105 kbars
104 P >300 kbars

Mobility 5 cm2 /V sec high purity, 300 King & Suber
macrocrystalline

1 31



I.:
THE VANADIUM-OXYGEN SYSTEM

PROPERTY SYMBOL VALUE UNIT NOTES TEMP.(*K) REFERENCES

tmobility a h c (axes)

,v .hu- h puriLy, -iny 30 VoizhenskII
crystal & PashkovskiiI0"2 1O"2 1O"1 44o

Energy Gap E EI l-c Il-a

-2,34 2.36 eV opt-,cal mees. on 300 Kenny et a].

high purity single
crystal

2.49 2.54 single crystal, 0 Bodo & Hevesi
2-30 2.32 optical meas. at 30 0

0.47-0.56

Temperature dE /dT -6.1 -7.3 I10- eV/°K 293-653 Bodo £ HevesiCoefficient g

Sebc. a b c (axes)j
Coefficient -5.8 -6.4 -8 uV/OK high purity, 180 Volzhenskii

-9 -8.2 -10 single crystal, 250 & Pashkovskii
-8.1 -8 -9 max. at 250*K 420

-1000 jV/OK single crystal 300 loffe
Patrina

Magnetic Xg +0.4 10-6 cgs yellow form 300 Tourky et
Suscept ibility al.

+1.1 100-400 Roch

H J b-axis H1 11 b-axis single crystal 77-300 Khan et al.
- __ -- plates, 11=5 k0e

0.3 0.2 (10-6)

OPT I CAL

Transmission &(O 0.8 v thick film Sinclair
, 0.52 j et al. I

32
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THE VAIKADIUM-OXYG•i SYSTEM

FROPRvrIT SY ZrituL vALUC U' 's. T- NCT

Refractive Wavelength (iv)
index

0.55-0,75 0.6708 0.5893

n a 2.07 2.70 2.89 single crystal, 300 Kenny et ai.,
ablrefringent King Suber

nb 1.97 2.07 2.10

n 2.12 2.45 2.55

3I

1
I
I
1
]

1

I



-20 ELECTRICAL PROPERTIES

E c-axis
-~ '' -aa-axis

b-a i s

a
C i 180 lip 280 300 340 380 2-0 1*

b/0j Thermoelectric power in single
2 4 S a to 12 1 crystal V205 grown under 5 atm.

XV10 V oxygen pressure. Maximum at
250*K for thermal emf along the

Electrical conductivity as a function c-ax is.
of temperature in single crystal V205  pbosawihVolzhenski i fPashkovski i
along the three crystal axes. Pb.Adut u...

aew~i6 AwIQI iim# OlPlm)

Volzhenskii & Pashkovskli,
pumsher; with poo140 Ioffe & Patrina

Thermpeeraturec fowr V s 0 fucrytals.o
tem era ur for V5 i g e r s a s

pVAeoioo wits loffe & Patrina
copprihgII hctroois Pro"
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' 2 0 5 OPTICAL. PROPERTIES

Wavelength (microns)

'I/a II33X

7 2. 7 N3 2.3 22

Absorption edge as a function of wavelength in single
crystals Of V2205 at three temperatures.

a. E parallel to c-axis
b. E normal to c-axisSoa£Hes

t~~~Bd 'HPevgeewthpwsel

1'1iliaI IllsI .

-. ~~as a 5 ~ *3

2-0. * 2000'

£X

00 10.

rI, - ". o 0 0 0. 0-023

7~~ 
IsORQ (.M p 40 ON (fd 't Y Ally)

A Abso r pPt i o~n E e dogye a s a function of wave lengtht itn single
Crystals Of V2205 at 2930K.

pebialoohd U11% pefulsoesih Kenny et a].
Copyright 0 poMs~s Pov
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TI
V2 0 - OPTICAL PROPERTIES

25 E

cr I

4WJJ "hvIM ,141/W V ANf0,

L m ',.0 ' '.

it. CM

Transmission spectra of single crystals at 3000K.

Ell

-. - ., E I b

k ESE

S. .I, f

-it .....

Reflectance spectra of single crystals;

spectra in the narrow band region are
shown in the~ insert.

------------------ E 11c

Pwlblishsf with pormisslon Heves i et al.
Co...... E amoeitee

3 5a

-.. .. . Eb,-



SI
V 20 - OPTICAL PROPERTIES

.I%

>111
20

I .. �---- - .. . . 20o -

1 0es - •ti . of 0

S\ wavelength for single crystalsS---at 300°K

5' I -"• E 11 c-axlIs, 6. Ell a--axis400 45o *SQ so 410 *Go 70o o

k(M/)A pubwsodwi t . erm ,loli Mokerov & Rakov
~~Optical constants of single crystal V 05 cpr944 mrc"1110i hsc

'at 3O0°K (monoclinic phase)
o The three refractive Indices as aSwfunctaor of wavelength ros

5 c6 Imagandry components
Nubliblc, Wi th irireg66m Jacobsen & Kerker A
SOp�I�c�l cotJournal of the optical V205

Socienty of America

I•'

Transmission as a function of

wavelength for a sputtered 40

V0 film, 0.8 v thickcpn

2 5wavP hQ elengthfo r i a, s puttered

2 l0t20
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THE VANADIUM-OXYGEN SYSTEM

PROPEýTY SYMBOL VALUE UNIT NOTES TEMP.(0 K) REFERENCES
Formula V30 5  V01 . 6 5 _1 . 67  Kosuqe (B)

Molecular 232.826
Weight [

"'ty q/cm3 
Donnay .

Symmetry monoclinic z-4 Donnay F
Lattice ao 9.835Parameters 5.031 Donnay

co ý.974
a 1090 28'

Electric.al 250 ohm-cm single crystaj, 300 Okinaka[A]Resistivity 
meas. J growth-axis, et a.
slightly anisotropic, 185

2 x no transition 0 115
2 x I03 sintered 300 (achi
2 x I0ý 185 et al.

Seeueck -250 .V/CK single crystals 300 Okinaka[A]Coefficient -400 
200 et a].Man-i 40 20 e a.

""* itMagnetic X 24 ic-6 cgs single crystals 250 Nagasawa[B]Susceptibility 30 77 et a].

I

1

I
!
I

3/
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v 3 0 5 - ELECTRICAL PROPERTIES

0 <0 -V -O 0 -100 -120 -140 -160

SS,-2

// Electrical resistivity as a function/ , of temperature for single crystal V 0
"-/ ofv o. Two samples were measured; from 250

S... . to 300*K by a four point method and
5 -- below 250*K by a two point method.1 ,Measurements were made as indicated,"4 "parallel and normal to the growth axis.

Ti " loOk inaka et a l.

.=3 4 5 6 7 0I 9

[ ; I I / T I l• "7 (* C )

-- 0 30 0 -30 -SO -70

.. ~~Thermo electr 'c power as a function - o

of temperature for single crystals.
Okinaka et ai.

*3.50!

Q'/ T I'iK)

38I



THE V,-,NADIUM-OXYCEN SYSTEM

PHYS I CAL TEMP K) REFERENCES
PROPERTY SYMBOL VALUE UNIT NOTES I,

Formula V2 0 3

Molecular Wqt. 149.88 
i

Density 5.05 q/Cm 3  nmonoclinic Donnay I

Color blarl' 
Handbook

Symmetry monoclilnic 
Donnay

Lattice a 13.88 A <J6OOK fonnay j
Parameters b 4.98

c 8.57

91036'

V-V 2.7115 face (a-c plane) Dernier 1
V-V 2.987 edge Marezio

Symmetry hexagonal a-corundum Donnay

L McWhan & 1
Lattice a0 4.948 Rice,

Parameters c13.97 abi e1a97Nakahira 
et

0 al , Newnham I
& de Hlaan

V-v 2.700 face Dernier &

V-V 2.072 edge arezi

Density 4.98 g/cm3  single cry--al Zhuze
Densi tyet al.[A]

Melting Point 2050 °C 
Stringer

Specific Heoat .165 c31/gr 'K 300 TPRC,SeiiHet1700 p. 530I

0.24 1800
0.25 

,I
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THE VP-\DIUM-OXYGEN SYSTEM

I PHYSICALIPROPERTY SYMBOL VALUE UNIT NOTES TEMP.(*K) REFERENCES3 Thermal Expansiun N-2 10 4 /*K hot pressed at 1730 C FO•W

S.5 1100 0 C.1l 10 / 0K. 300-800'C

ELECTRICAL
PROPERTY

Dielectric Constant

Static E 15(±20%) polycrystalline 53 MacMillan,j at I MHz p. 18

18 V2 03.7 pressed <160 Samokhavalov
powder,

36 03UO= 50 Q-cm
at 10 GHz

Optical c single crystal 5T Zhuze

et al.[B]ST _4

.6 Electrical 1.3XlO - -cm high purity, 300-170 Goodman
Resistivity single crystal"- 10s 168

107 115

I I-c plane I I-a plane

3XlO lxlO single crystal 285 MacMillan

5,6xO0 6.3xl0 single crystal 273 Feinleib &
-, Paul

104 
150

.105 120

-2x10 500

21 600
26 700
29 800

10' amorphous, '170 MacKenzie

10 sputtered film 170

-4.

______ _____________ ______ ________________ ____ ______________________________ ______ ____



THE VANADIUM-OXYGEN SYSTEM

ELECTRICAL
PROPERTY SYMBOL VALUE UNIT NOTES TEMP.( 0 K) REFERENCES -.

Electrical A,

Resistivity

Tew'perature o(T)/p(OOC) 0.36+2.3xlO T(*K) single crystal 150-350 Feinleib &
Coeff. P;.4 t '

''-C H1-a -6
Pressure dp/dP -4.3 -8.0 10 w-cm/kbar P-6 kbar 300
Coeff.

II-a

Volume (1/p)(dpV/dV) 42 P-I bar 300 McWhan &
Coeff, 20 P=25 kbar Rice

Transition T 172±4 OK high purity, Goodman,
Temperature single crystal McWhan &

Rice,
Morin

Pressure dTc dP -4.1 *K/kbar P=15 kbar, 150 Au.ttin
Coeff. single crystal

-3,78 P-6 kbar Feinleib G
Paul

-3.1 P=160 kbar 77-500 Minomura &
Nagasaki

a b c (axes)

Stress dT,/ -6.8 -4.1 -0.5 °K/kbar single crystal 300 Feinleib G
Coeff. dS Paul

Mobility

Hole 0.55 cm2 /V sec single crystal 200 Zhuze
p 0.40 300 et al.[A]

Temperature T
Coeff,.
Hoe 0.6 300 Austin &

p 0.2 700 Turner

Hole Pp l.5xlO single crystal 125 MacMillan

!4
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I.

I THE VANADIUM-OXYGEN SYSTEM

II ELECTRICAL
PA0DPTV V SMonI ALUE INIT NOTES TEMP.(OK) REFERENCES

IEffective m* 45-50 m single crystal >T Feinleib &
Msc ma.., AAder

& Feinleib

11 optical meas. >T Zhuze
on single crystal C et al.B1]

Mean Free Path 2 A Feinleib
Paul, Adler
& Feinleib

' Energy Gap 0.1 eV optical meas. 77 Feinleib &
Paul, Adler
& Feinleib,1 0.12-0.18 electrical meas, 150-170 Barker &
Remeika

Pressure dE /dP -4.4 10 eV/bar single crystal Feinleib &

Coeff, g0  
Paul,
Aust in

I Seebeck QI 8 a~la
Coeff. I 10.5 i.V/OK single crystal 205 MacMillan

SQ 1 3.2

Q +350 p-type 100

-400 n-type 100

Q '12 170-500 Austin &
.II<-5 100-150 Turner

7

Magnetic X "40 cgs single crystal >170 MacMillan

Susceptibility g 6
3.0 10 cgs pressed powder 90 Bogdanova &
6.4 293 Loginov

X X

6.9 5.9 10 cgs single crystal <170 Carr &
11.2 12.2 >170 Foner,

Nakahira
S~et al.

12.42 12.56 single crystal 300 Arnold &
11I.24 10.86 Mires,

Gossard&
Menth
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FI
THE VANADIUM-OXyGeN SYSTEM j

OPT I CAL
PROPERTY SYMBOL VALUE UNIT NTFr, TC"D , O\ .

Wavelength 
-

Transmission 0 0.2-20 300 Feinleib &
maximum 6 77 Paul,Barker •

Remei;ka "

Refractive 1.84 0.4 single crystal 300 Zhuze
I ridey, 1.67 1.0 et al. 1B]1.95 2.0

6 .8 lO.0
0.8 20.0

4
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14t

I

i43 I

____ __ ___ __ ______________ _________________________ _______



L
2 3

--?! -7 bo0"

'0

0~O 5901 4Q3I

measuredA in4"M crF tlsAW8 9
Electrical resistivity osafutinf
temperatue 8000K or sin-l

Elmeasurdcalon c-riesistivity as a function of

P1maue inbasal plane temperature in single crystals.
Foex's data on sintered bars are included. Kosuge, A

ftbNished with pormilliioli Fe inIe lb & PaulI

14 - li I11T ..

L 30 4 I 0

102~

"1012

V0,0)I

Magnetic susceptibility as a
Transition temperatures as a function of function of temperature in

* . hydrostatic: pressure in single crystak. single crystals, parallel and

PublilheS with "rassss Fein leib & Paul normal to the basal plane.
CopyrI90,14D Amterig.. InItltitili of "Josyt Pujtolsho With pormissis" Carr & Foner

* IRIIItte Of physics
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V20 3 -OPTICAL PROPERTIES

\ \ 40
Low temperature transmission of a

" single crystal, epitaxial V2 03

S." Fr.ECY he) 40 O 3o film grown by vapour transport and
,, ", • of an annealed, sputtered film.

,VS2 cmledsputtered ' Data from these two films are
""* ) ~o0) 0 compared with transmission from a

",(Right Scot) single crystal as reported by

film(-90,U.) \ Felnlelb and Paul,
(Left SC04) -0O Fan & Pul

0 1 0.2 b 03 4 Oj 104 06 0.7 0.6 09 1.0 1.1
ENERGY (WI)

701 1 T

60-
Reflectivity of a single V 03 3* -.-.-- TPTC, exprimelnt .

crystal, above and below tne S•"a-•,-- T "Tc, fit
transition temperature. ,--, . T-Tc, IhI

Fan & Paul 50 Udoc, m xpiri t

Unpo loflied rMegureenign anS! c- tote

[ "">.40-

n- I -

e-

uKNUU

0 10 2,0 310 4.0 5.0

ENERGY (@Vý
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SI--

V 20 3 FILMS

I "

Reflectivity as a function of wavelength
for a single crystal, epitaxial film.te The substrate is single crystal alumina

2- with the c-axis normal or parallel to
the substrate plane.
T1  80 0 C, T2 = 600°C

W W Measurements in the ;nfrared and visible
are made above the transition temperature.0 ,,

J Fan & Paul
U II

SU i

S01 IP L
9 -, 0 1.0 2,0 360 4.000 1.0 ENERGY (eV) SIlOt

10'

103-
a

Electrical resistivity as
"* function of temperature for -i 90' b
-, V2 0 3 films.

a. sputtered, polycrystalline film,
about 0.55p thick, alumina sub-
"strate, annealed at 600'C "

c. similar film but showing great
difference in resistivity

b. single crystal, epitaxial film,
grown by vapour transport on 1o.;
alumina substrate

Fan & Paul _ _0_1 _ I .__ . ___ __ . ___ . __ _ _

,2 3 4 0 6 ? 08 9' ILO I IL2 13
• 4 6 T(*--)



I

T

-,z':•! Structure, Tr an It!•, c ,,- , a ý,q'' .-- -n C ,du..;t i- T
" -x x'2,

Transition Conductivity
Ccmposition Monoclinic (25°C) Rutile Temp.(°C) at 40%C .

X a b c B a c (ohm-cm)- 1

0.00 5,744 4 .520 5.376 122.6 4.559 2.801 69 0.8

0.02 5.729 4.530 5.364 122.3 - - 65 1.2
0.05 5.727 4.560 5.390 122.5 4.545 2.844 63
0.10 5.7:6 4.499 5.424 122.0 4.537 2.868 60 5.8
0.20 5.704 4.490 5.448 121.3 4.539 2.891 58 4,7
0.40 4.833 4.380 5.530 97.9 4.546 2.894 48 0.3

Polsi~aboo Wilib *erwils.Jw
CBoIyrght Po, m•on 1119w Rao et a 1

600 I

S400 METAL INSULATOR --

I I
S200-

ANrIFERROMAGNETIC
INSULATOR

i5 10 5 0 10 15
AT %TI V2 05S AT % Cr

INCREASING PRE3SURE (3.6 kbor/AT%)

Generalized phase diagram of transition temperature as a
function of both pressure and at. % of chromium and
titanium in V2 03  1

e mixed oxides at I atm.
I 3 V10 3 on increasing and decreasing pressures, resp.

& o (V . 9 6 Cr o.o4) 2 03 for increasing and decreasing pressure

Isi ed -.1, 06,01141,41% McWhan et al.

CopyrighliI) Awerkm Iittlltwte of Physlic I

I
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0.0

5000- Ji • V203

4,99'0-

j .4 91,0 II 3.

fI V0. 400 4A0 100 SI1 0 o

TI[MPb4IIUHI I'K) ,•

Lattice parameters as a function of
S~temperature for two chromium-

doped V2 03 crystals,-_.-. , 0 0 _0 _ 400_

) ~ ll¢w•prlme Jayaraman et al. T utc

C~lvrightO• American InStitute of PhyaIcI

Magnetic susceptibility as a function
of temperature for V2 0 3 and for

chromium and aluminum containing V2 0 3

The undoped and chromLu• conta'rning
V2 03 were s~ngiP '.rystals and thte
susceptibility was measured parallel
to the c-axis. The aluminum containing

•,51 samples are ceramic powder aggregates.

m Pubilehadwith perlmks,In Gossard et al.SCoprt|I,'ht Amoricoa Instltutlof phI~ysicsl

2WLTraisition temperature as a function of

f .• ~electrical field in sintered (Vo gCrO.0)20

* lThe electrical field shifts the transition
'u temperature similarly to the shift by

d hydrostatic pressure.
Pm i , ,withP pobISh wi psm.,tsso. nee e] T M

Am e r i CcpyrsqhI() AmeIsctn Inofltue Of PPhyysic

E, kV/ha
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INITIAL. RATE OF CHANGE OF-UPP•ER TRAM5NgIumO itp•mrLKUiv • -

WITH COMFOSITION (dT I/dx) FOR THlE SUBSTITUTIONAL COMPOUNDS °

(Critical compositions x, and x2 indicate phase change,. at 300*K. Room-
temperature structures within the regions WxI<x2 and x>X2 are also "

indicated, where mono. refers to the monoclnc (P2/) phase and ortho.
to the orthorhombic (probable space group F222) phase.] •; .

d~/dx I *K/at % Ml xI2 xI <x <x2 x >2 4,

Cr 3+ -+ 3 0. 01 0.20 arthoe. (2t/* •

'e'•+ 3 0. 01 0. 125 ortho, two..phase" •

0o34 +6.5 0.005 0.02 o1 tho. two-phase

3+ +9.0 0.005 0.045 ortho. two-phase

Ti -0.5 to -0.7 0.2 0.2 to 0.25 of to. rutile

R$ -- A 0.07 0f utile twphs

03 -7 0.03 0.1 rutle two-phase I

Ru -10 0.025 0.75 futile two-phase

Go + 5

Nb -7.8 0.05 0.9 futi. NbO

To5+ -5 to -10 0.02 0.5 futle two-phase

ho6+ -5 to -10 0.03 0.55 rut.le (29)0
x a 1.0 mono.

W6+ -28 0.013 0.68 rutile ortho.

ordered triruthlh phase about x = 0.33; 0.78 < x < .,.8 (2iI)* phase; 0.85 < x < I mono.
P The 2# phase is a distorted rutile structure with orthorhombic symmetry, and the 2@' phase
it similar but with monoclinic symmetry.

Goodenough and Pierce I
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